Among primary brain and central nervous system tumors diagnosed in the United States between 2006 and 2010, glioblastoma (GBM) accounted for 45.6% of malignant brain and central nervous system tumors and is the most common malignant brain tumor in adults. 1 The current standard of care for patients with newly diagnosed GBM includes surgical resection of the tumor to the extent possible, followed by adjuvant radiotherapy plus temozolomide 2, 3 ; nevertheless, the median 5-year survival rate remains less than 5%. 1 Treatment options for patients with recurrent disease are limited and may include repeat surgical resection, reirradiation, systemic chemotherapy, tumor treating fields, bevacizumab, or best supportive care. 3 Bevacizumab monotherapy is approved in the United States for patients with recurrent GBM based on a clinically meaningful and durable objective response rate (ORR) of 19.6% and a median duration of response ranging from 3.9 months to 4.2 months based on World Health Organization (WHO) radiographic criteria. [3] [4] [5] In heavily pretreated patients with GBM, the median overall survival (OS) with single-agent bevacizumab ranges from 7.8 months 6 to 9.2 months. 7 The Dutch BELOB trial in patients with GBM at first recurrence reported 9-month OS rates of 38% for bevacizumab, 43% for lomustine, 59% for bevacizumab/lomustine 90 mg/m 2 , and 88% for bevacizumab/lomustine 110 mg/m 2 . 8 In a phase III trial of bevacizumab plus lomustine compared with lomustine alone in patients with GBM at first recurrence, median progression-free survival (PFS) was 4.2 months versus 1.5 months and median OS was 9.1 months versus 8.6 months, respectively. 9 GBMs are highly vascularized neoplasms, and agents such as bevacizumab that target vascular endothelial growth factor (VEGF) have demonstrated some efficacy in this setting. In addition to the VEGF pathway, the MET/hepatocyte growth factor pathway has been implicated as an important mediator in the pathogenesis of GBM. [10] [11] [12] [13] In particular, MET overexpression is associated with poor response to treatment and shorter survival. 12 Furthermore, preclinical data suggest that MET overexpression may contribute to bevacizumab resistance and that targeting MET may offer a mechanism to prevent or overcome resistance. 13, 14 The receptor tyrosine kinase AXL has also been implicated in GBM pathogenesis in preclinical studies and associated with a poor prognosis in patients with GBM. [15] [16] [17] [18] However, bevacizumab only inhibits circulating VEGF and has no direct effect on the other angiogenic factors or molecular targets expressed by the tumor that are known to play a role in the pathobiology of GBM. Furthermore, in vitro evidence suggests that targeting VEGF alone may drive a pro-invasive phenotype. 19 As a result, there is a need for therapies that target multiple pathways involved in GBM pathogenesis and that may overcome mechanisms of resistance.
Cabozantinib is an oral tyrosine kinase inhibitor with potent activity against MET, VEGF receptors (VEGFRs), and AXL. 20, 21 Preclinical data indicate that cabozantinib suppresses MET and VEGFR2 signaling and induces apoptosis of endothelial cells and a variety of tumor cell lines. For example, cabozantinib significantly improved survival in a xenograft mouse model of human GBM. 22 In addition, several clinical trials in patients with advanced solid tumors have demonstrated that cabozantinib therapy can cause tumor regression. [23] [24] [25] The current phase II trial sequentially examined the efficacy and safety of 2 doses of cabozantinib in 222 patients with refractory or recurrent GBM. Herein we report the results from the subset of patients who were naive to antiangiogenic therapy at study entry. Results for patients who received prior antiangiogenic therapy are presented in the companion article (Cloughesy et al).
Materials and Methods

Eligibility Requirements
Eligible patients were adults with refractory or recurrent GBM in first or second relapse. Patients were required to have radiographic evidence of recurrent disease by gadolinium-enhanced MRI scan (performed within the past 14 days and while on a fixed or decreasing dose of glucocorticoids for at least 5 days). Some entry criteria differed among patients due to amendments to the protocol (see Supplementary material). Eligible patients received prior temozolomide and radiation therapy (required for patients enrolled at the 100 mg/day dose); had a Karnofsky performance status score of ≥60%; and had adequate hematologic, renal, and liver function. Exclusion criteria included prior anticancer therapy within 28 days before the first dose of cabozantinib (including investigational agents and biologic agents) or mitomycin C or nitrosoureas within 42
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NeuroOncology
Study Design and Treatment
This was a phase II, multicenter, open-label, single-agent, noncomparator trial that sequentially explored 2 dose levels of cabozantinib in patients with recurrent or refractory GBM. Patients were defined to be enrolled upon receipt of the first dose of cabozantinib. Patients were initially enrolled to oral cabozantinib 140 mg/day (freebase weight); however, because rates of dose reduction and interruption at 140 mg/day were deemed to be high, a protocol amendment added another cohort (15 antiangiogenic treatmentnaive patients planned) at a reduced starting dose of 100 mg/day to allow qualitative assessment of the safety of the dose. The 100 mg/day starting dose was deemed appropriate based on the median average daily dose of the first cohort enrolled and initial assessments suggesting continued efficacy at doses ≤100 mg/day. Another protocol amendment added an additional cohort to be enrolled at the 100 mg/day starting dose (80 antiangiogenic treatmentnaive patients planned). Treatment was continued until documented disease progression or unacceptable toxicity. To manage adverse events (AEs), dose could be reduced to 100 mg (for those enrolled at 140 mg/day), 60 mg, and 40 mg; dose could be reduced to lower than 40 mg after consultation with the sponsor. Patients naive to antiangiogenic therapy are the focus of this paper. Further details of the study design and amendments to the protocol are provided in the Supplementary material.
Efficacy Endpoints and Assessments
The primary endpoint was ORR using criteria of the modified Response Assessment in Neuro-Oncology (modified RANO; Supplementary material) as assessed by an independent radiology facility (IRF). For implementation in this study, the primary modifications to the RANO criteria for time point responses include defining operational conventions for changes in glucocorticoid dose and removal of the clinical deterioration component to reduce subjectivity and facilitate IRF assessment. Classification of ORR required complete response (CR)/partial response (PR) confirmed on follow-up imaging at least 4 weeks from initial response. Secondary endpoints included duration of response, 6-month and median PFS, OS, and glucocorticoid use. Radiologic evaluations were performed at screening and generally every 6 to 8 weeks from enrollment until disease progression using modified RANO criteria (see Supplementary material). Tumor assessments for the primary efficacy analyses were performed by an IRF to determine response and/or progression. The minimum lesion size required for measurable disease by IRF was 10 mm × 5 mm, reflecting the implementation of RANO in this study before publication of the 10 mm × 10 mm recommended criterion for measurable disease.
Safety Assessments
Safety and tolerability assessments included monitoring AEs, performing standard clinical laboratory tests (including hematology, serum chemistry, and urinalysis) and physical examinations, and recording electrocardiograms. Severity of AEs was assessed by using the National Cancer Institute Common Terminology Criteria for Adverse Events, version 3.0. Serious AEs were defined in accordance with the ICH Guidelines for Clinical Safety Data Management: Definitions and Standards for Expedited Reporting, Topic E2A.
Statistical Analysis
Results for patients naive to antiangiogenic therapy are presented here. Efficacy and safety analyses include all such enrolled patients unless otherwise specified. ORR was defined as the proportion of patients with measurable disease at baseline per modified RANO criteria whose best overall response was confirmed CR or confirmed PR. The ORR is presented with 2-sided 95% CIs. The planned sample size to evaluate the primary endpoint was 80 patients to evaluate ORR with the following hypotheses (1-sided nominal alpha of 0.025 and power of >90%): H 0 : ORR = 10% and H A : ORR = 25%. The primary endpoint was to be analyzed in the last group of patients enrolled at the 100 mg/day dose; however, for simplicity, patients naive to antiangiogenic therapy at the 100 mg/day dose were retrospectively combined for the analyses presented here. For more details on the planned analyses, see Supplementary material. PFS was calculated as the time from first cabozantinib dose to the earlier of documented disease progression per modified RANO or death from any cause. OS was calculated as the time from first cabozantinib dose to death from any cause. Efficacy analyses of secondary endpoints for duration of response, PFS, and OS used the Kaplan-Meier method. All statistical analysis was performed using SAS version 8.2 or higher.
Results
Patients
A total of 222 patients were enrolled between June 2008 and June 2012; at study entry, 152 of 222 patients (68%) were naive to prior antiangiogenic therapy and are the subject of this report. After the first 34 naive patients were enrolled and received at least 1 dose of cabozantinib at 140 mg/day, the dose was reduced to 100 mg/day and an additional 118 naive patients were treated at the 100 mg/ day dose. Among patients naive to prior antiangiogenic therapy, baseline demographics and clinical characteristics were similar between the 2 cabozantinib dose groups (Table 1) . The majority of patients were white males. Approximately one third of patients received >1 prior systemic therapy before study entry.
Response to Treatment
Among the 152 patients naive to prior antiangiogenic therapy, 151 had measurable disease at baseline by the IRF and were included in the response assessment (Table 2) . Subgroup analysis by cabozantinib starting dose demonstrated an ORR of 17.6% (95% CI, 6.8%-34.5%) in patients who received 140 mg/day and 14.5% (95% CI, 8.7%-22.2%) in those who received 100 mg/day. The results for ORR did not meet the predefined statistical target for success. The median duration of ORR was 5.9 months (range, 1.9-12.8 mo) in the 140 mg/day group and 8.5 months (range, 1.0-9.3 mo) in the 100 mg/day group. Overall, 90% of patients with measurable disease at baseline and ≥1 evaluable postbaseline assessment had a detectable decrease in tumor volume (Fig. 1) . The median follow-up for scans was 3.6 months (range, 0.03-25.0) in the 140 mg/day group and 3.6 months (range, 0.03-17.5) in the 100 mg/day group.
Key Secondary Efficacy Endpoints
The median PFS was 3.7 months in both the 140 mg/day and 100 mg/day dose groups (Fig. 2A) . The Kaplan-Meier estimates of the proportion of patients alive and progression free at 6 months were 22.3% in the 140 mg/day group and 27.8% in the 100 mg/day group. The estimated median OS was 7.7 months in the 140 mg/day group and 10.4 months in the 100 mg/day group (Fig. 2B) . Overall, 100 of 152 patients (66%) subsequently received salvage therapy with bevacizumab. Among patients who reported glucocorticoid use at baseline (n = 70), there was a trend for them to receive stable or decreasing glucocorticoid doses over time (Fig. 3) .
Safety and Tolerability
The median duration of treatment was 14.8 weeks (range, 0.3-108.4 wk) in the 140 mg/day group and 15.1 weeks (range, 0.7-79.0 wk) in the 100 mg/day group. All patients received ≥1 dose of cabozantinib and reported ≥1 treatment-emergent adverse event (TEAE); those occurring in ≥15% of patients (all grades) are summarized in Table 3 . The most common TEAEs included fatigue (76.3%), diarrhea (62.5%), decreased appetite (47.4%), palmar-plantar erythrodysesthesia syndrome (39.5%), nausea (38.8%), 
NeuroOncology
headache (36.8%), constipation (34.2%), hypertension (32.2%), weight decrease (31.6%), and dysphonia (30.9%).
Adverse events were generally manageable with dose reductions or dose interruptions. Dose reductions due to an AE were required in 21 (61.8%) patients in the 140 mg/ day group and 85 (72.0%) in the 100 mg/day group. Adverse events were reported as the primary reason for a dose interruption in 20 (58.8%) patients in the 140 mg/day group and 73 (61.9%) patients in the 100 mg/day group. The median average daily dose was 111.1 mg/day (range, 28.4-140 mg/day) in the 140 mg/day group and 71.5 mg/ day (range, 25.1-100 mg/day) in the 100 mg/day group. Adverse events resulted in treatment discontinuation in 6 (17.6%) patients in the 140 mg/day group and 22 (18.6%) patients in the 100 mg/day group.
Serious AEs were reported in 18 (52.9%) patients in the 140 mg/day group and 61 (51.7%) patients in the 100 mg/ day group and were similar in the 2 dose groups. In the overall population, serious AEs that occurred at a frequency >2% were convulsion (9.9%), deep vein thrombosis (5.3%), hemiparesis (4.6%), dehydration (3.9%), intracranial hemorrhage (2.6%), confusional state (2.6%), and vomiting (2.6%). One hundred twenty-two deaths were reported: 31 (91.2%) in the 140 mg/day group and 91 (77.1%) in the 100 mg/day group. Grade 5 AEs were reported in 8 (6.8%) patients in the 100 mg/day group and no patients in the 140 mg/day group. Grade 5 AEs consisted of pulmonary embolism (in 2 patients) and intracranial hemorrhage, acute respiratory failure, cardiac arrest, death, disease progression, and gastrointestinal ulcer hemorrhage (1 patient each). Four of these grade 5 AEs (2 pulmonary embolisms, 1 gastrointestinal ulcer hemorrhage, and 1 death) were assessed as treatment related.
Discussion
Patients with recurrent GBM have limited treatment options. Despite not meeting the predefined statistical target for success, results from this phase II trial suggest that cabozantinib has clinical activity in patients who have not received prior antiangiogenic therapy. Comparison of ORR with cabozantinib (15.2%) across both dosing cohorts with bevacizumab monotherapy is difficult as the studies evaluating these agents employed different response criteria (Macdonald vs modified RANO). The trial did not have a comparator arm, and interpretations based on crosstrial comparisons are difficult due to differences in patient populations, assessments, and study design. Nonetheless, the results for PFS and OS with cabozantinib compare well with those reported for other therapies. The median PFS of 3.7 months in both cabozantinib groups is similar to that of monotherapy with bevacizumab (4.2 mo), 7 cediranib (3.1 mo), 26 and axitinib (3.0 mo) 27 in patients with recurrent GBM. The median OS of 10.4 months in the cabozantinib 100 mg/day group is also similar to results observed with bevacizumab (median OS, 9.2 mo). Although the effect of salvage bevacizumab therapy on survival in the current study is unknown, it may not be inconsequential. 7 In addition, most patients receiving cabozantinib did not experience a change in the pattern of tumor progression (most Fig. 1 Best tumor size change from baseline in target lesion per IRF using modified RANO criteria in patients who had measurable disease at baseline and ≥1 evaluable postbaseline radiographic scan. Lines indicate the threshold for response and progression per RANO criteria, ≥50% decrease and ≥25% increase, respectively. Partial responses were confirmed in 6 patients in the 140 mg/day group and 17 in the 100 mg/day group. *Confirmed partial response. had a local pattern of progression at baseline) and experienced a decrease in glucocorticoid usage over time. This was the first study of cabozantinib in patients with GBM, and changes were made to the study design, endpoints, and assessments during the trial. The decision to analyze patients by prior treatment with antiangiogenic therapy was based on initial data that showed efficacy differences between these populations. Assessment of response using modified RANO was introduced later in the study; however, all groups were analyzed using the same modified RANO criteria. In addition, groups were retrospectively combined for determination of ORR for simplicity of the data presentation, increasing the size of the analysis group used for ORR beyond the planned size. Some differences in entry criteria and the schedule of tumor assessments also existed between these groups. Nonetheless, this study provides an initial assessment of the activity of cabozantinib in patients with GBM.
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The patient population in the cabozantinib trial is typical of patients with recurrent disease in that most had received standard first-line therapy for GBM (ie, surgery and radiotherapy plus temozolomide). In addition, many of the patients received high doses of corticosteroids for prolonged periods of time. A high incidence of comorbidities that may be attributable to either advanced GBM or prior therapy was observed. Overall, the reported AEs were consistent with the known safety profile of cabozantinib 23, 28 and are consistent with AEs typically associated with this class of agents. The overall incidence of AEs was not lower at the 100 mg/day dose compared with the 140 mg/day dose, and dose reductions or interruptions were frequently used to manage AEs in both dose groups. Efficacy results were similar in the 2 dose groups, and additional studies might determine if efficacy could be maintained and tolerability improved with a lower starting dose. A lower dose of 60 mg/day has been approved for the treatment of advanced renal cell carcinoma, whereas the 140 mg/day dose has been approved for treatment of medullary thyroid cancer, based on results from the pivotal phase III trials. 23, 28 Although the predefined statistical target for success was not met, cabozantinib showed evidence of clinical activity in patients with refractory or recurrent GBM who had not received prior antiangiogenic therapy. Further assessment of activity and tolerability at a lower starting dose would be necessary to better evaluate cabozantinib in this patient population.
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